We report the discovery of the huntingtin interacting protein I (HIP-I) which binds specifically to the N-terminus of human huntingtin, both in the two-hybrid screen and in in vitro binding experiments. 
INTRODUCTION
Huntington's disease (HD) is an inherited neurodegenerative disorder which is characterized by uncontrolled movements, general motor impairments and dementia (I). The mutation responsible for HD has been identified as an expansion of an unstable CAG repeat located within the coding region of the HD (IT15) gene (2) . The CAG repeat is highly polymorphic and varies from 6-34 repeats on chromosomes of unaffected individuals to 35-155 repeats on HD chromosomes (3) (4) (5) . The protein encoded by the IT15 gene, huntingtin, has a predicted molecular mass of -350 kDa, depending on the number of glutamine residues. Both normal and mutated forms of huntingtin have been shown to be expressed at similar levels in the central nervous system and peripheral tissues (6, 7) . However, in HD there is a selective neuronal loss in distinct regions of the brain, with the caudate nucleus and putamen being the major sites of neuropathology, indicating that the pathology of HD is more likely to be due to a gain-of-function rather than to a loss-of-function. Several investigators have proposed that HD is due to a toxic gain-of-function caused by abnormal proteinprotein interactions related to the elongated polyglutamine sequence (8) . Thus, the binding of distinct proteins to the polyglutamine region could either confer a new property on huntingtin or alter its normal interactions with other proteins. It is possible that the specific binding of a protein with a restricted pattern of expression to the elongated polyglutamine stretch could cause selective vulnerability to particular cells.
To date, three potential huntingtin-interacting proteins have been identified. Using the two-hybrid system and a truncated huntingtin protein containing 44 glutamine repeats as a 'bait', Li et al. identified a protein (HAP1) which is expressed predominantly in brain (9) . The binding of HAP1 to huntingtin was shown to be enhanced by an expanded polyglutamine track. However, although HAP1 is expressed in both cortex and striatum, regions of the brain known to be affected in HD, it is also expressed in areas of the brain that are spared in HD. This suggests that factors other than HAP1 are causing vulnerability and selective neuronal death in HD. Burke et al. showed by biochemical methods that the glycolytic enzyme GAPDH binds to huntingtin and that this interaction is enhanced by an elongated polyglutamine track (10) . The authors suggested that the binding of huntingtin to GAPDH might affect the energy metabolism in neuronal cells and that, ultimately, this could cause neuronal cell death by metabolic stress. However, the selective loss of neurons in the striatum cannot easily be explained with this hypothesis. Most recently, it was shown that the human ubiquitin conjugating enzyme hE2-25K, also named HLP2, binds selectively to the N-terminus of huntingtin (11) . This protein is ubiquitously expressed in brain and its interaction with huntingtin does not appear to be modulated by the polyglutamine sequence. These results clearly show that huntingtin gets ubiquitinated, however, whether this has an effect on the pathology of HD or on the normal function of huntingtin is not known.
Despite the recent identification of three potential huntingtin interacting proteins, the normal cellular function of huntingtin is still unknown. Immunohistochemistry, electron microscopy and subcellular fractionations have shown that huntingtin is, primarily, a cytoplasmic protein associated with vesicles and/or microtubules (12) (13) (14) , suggesting that it may play a functional role in cytoskeletal anchoring or transport of mitochondria, vesicles or other organelles in the cell. However, besides the cytosol and membrane containing fractions, huntingtin has also been detected in the nucleus (15, 16) . Thus, a possible function in transcription regulation cannot be completely ruled out at this time, since the role of several polyglutamine-containing proteins in activating transcription is well documented (17) .
To gain insight into the normal function of huntingtin and also to understand more about the pathology of HD due to the polyglutamine sequence, two-hybrid screens to isolate new huntingtin-interacting proteins were performed. We report here the discovery of a huntingtin-interacting protein, HIP-I, which exhibits significant sequence similarity to certain cytoskeleton proteins and which is expressed in various human tissues including brain.
RESULTS

Isolation of HIP-I by the yeast two-hybrid screen
To search for cDNA clones encoding proteins that interact with huntingtin, an improved version of the two-hybrid system was used. In this system, one hybrid is a fusion between the DNA-binding domain of the Escherichia coli LexA protein (amino acids 1-211) and a protein of interest, X, and the second hybrid is a fusion between the yeast GAL4 activation domain and some unknown protein, Y. Normally, these hybrids are unable to activate transcription by themselves, because one lacks a DNA-binding domain, and the other an activation domain. However, when both hybrids are coexpressed in Sacchawmyces cerevisiae containing two integrated reporter constructs, the yeast HIS3 gene and the bacterial lacZ gene, which contain binding sites for the LexA protein, the interaction between X and Y leads to transcription of the reporter genes. To further improve the two-hybrid system the initial genetic selection (HIS3 and lacZ) (18) to isolate cDNAs encoding interacting proteins was coupled with an additional CAN-selection (19) , resulting in the elimination of false positives. False positives are defined as library clones that activate transcription in cells expressing fusion proteins unrelated to the target protein. To eliminate these false positives, Trp + Leu + His + lacZ + positive clones are grown in the presence of canavanine to select for loss of the plasmid containing the target fusion. The selection strain L40C is can R and the 77?P7-L£&4-DNA-binding domain fusion vector, pBTMl 17c (20) , contains the wild-type CAN! gene which confers canavanine sensitivity on a can R host. After selection on canavanine medium without leucine (SD-leu+CAN), the resulting strain is Trp~~Leu + , maintains the LEU2 library plasmid and should be lacZ", because the plasmid encoding the 'bait' protein, with the LejcA-DNA-binding domain, has been lost. This strain can now be used to isolate the LEU2 library plasmid and also can be retransformed with the original 'bait' plasmid or plasmids expressing unrelated LexA-fusion proteins to determine the specificity of the protein-protein interactions.
As a 'bait' for screening the human brain cDNA library the plasmid pBTM-HD1.7 ( Fig. 1 ) was created. It contains a 1.7 kb IT-J 5 cDNA spanning amino acids 1-588 of huntingtin including a polyglutamine tract of 23 residues and one HEAT repeat (21) . Because pBTM-HD1.7 alone lacked transcriptional activity, the yeast strain L40C containing this plasmid was transformed with a human brain cDNA library. A total of 8 million yeast transformants were placed under selection and 10 Leu + Trp + His + lacZ + positive clones, which all were lacZ" on canavanine plates, were isolated. Of these yeast colonies, five stained intensively for (i-galactosidase activity within 1 h at 30°C. The library plasmids were isolated from these colonies and subsequent restriction analysis showed that each contained the same plasmid. One plasmid, carrying a 1.2 kb cDNA insert, was named pGAD-HTPl. The five other colonies isolated showed lacZ activity only following overnight incubation and are currently being characterized.
To determine whether the activation of the reporter genes lacZ and HIS3 reflects a specific interaction between HIP-I and huntingtin, pGAD-HIP 1 was retransformed into yeast strains Activation of the HIS3 and lacZ reporter genes by the interaction of HIP-I with various protein baits. The S.cerevisiae strains L40C harbouring pBTM117c, pBTM-HDl .7, pBTM-HD3.6, pBTM-HDXho, pBTM-MJD or pBTM-SIM 1 were transformed with pGAD-HIPl. Individual Leu+Trp + transformants were selected on synthetic medium plates and spotted in parallel onto SD-leu-trp, SD-leu-trp-his and SD-leu+CAN plates. The plates were incubated at 30°C for 3-5 days and replica filters were made for the fi-galactosidase assay (25) . (C) Activation of lacZ by the interaction of huntingtin with different HIP-I fusion proteins. pGAD-HIPl, pGAD-HIPNT, pGAD-HIPCT and the control plasmid pGAD425 were transformed into L40C harbouring pBTM-HD1.7 and Trp+Leu+ yeast transformants were selected on synthetic medium plates. Yeast transformants spotted on SD-leu-trp plates were then tested for fi-galactosidase activity. harbouring pBTM117c, pBTM-HD1.7, pBTM-HD3.6, pBTM-HDXho, pBTM-MJD or pBTM-SIM 1 (for structure, see Fig. 2A ), and Trp + Leu + transformants were selected. Protein-protein interactions were monitored by testing the ability of yeast cells to grow on selective plates lacking histidine and by the (3-galactosidase filter assay (Fig. 2B ). With all 'bait'-plasmids tested, significant growth was detected on SD-leu-trp and SD-leu+CAN plates, whereas in the absence of histidine (SD-leu-trp-nis) only yeast cells harbouring pBTM-HD1.7 or pBTM-HD3.6 were able to grow. This indicates that for transactivation of the HIS3 reporter gene, an N-terminal huntingtin fragment with a size of 588 amino acids is necessary and sufficient. In comparison, no HIS3 marker gene expression was detected when a shorter N-terminal huntingtin protein (residues 1-171) was used or with the unrelated control proteins Lex A (22), LexA-MJD (23) and LexA-SIMl (24) . In particular, the result obtained with LexA-MJD is in good agreement with our hypothesis that a huntingtin domain different from the polyglutamine sequence is essential for the interaction with HIP-I. Like huntingtin, MJD contains a glutamine repeat (22 residues) (23), but the C-terminal domain of MJD containing this repeat failed to interact with HIP-I in the two-hybrid system.
The results obtained by growth on selective plates lacking histidine were confirmed by the p-galactosidase assay (25) . Only yeast cells harbouring pBTM-HD1.7 or pBTM-HD3.6 turned intensively blue following a 1 h incubation at 30°C in X-Gal solution (data not shown). However, after an overnight incubation of the filter from the SD-leu-trp plate, cells harbouring pBTM-HDXho also showed lacZ activity (Fig. 2B ). This indicates that the (3-galactosidase assay is more sensitive than the HIS3 selection, allowing also weak protein-protein interactions to be monitored.
To further define the region in HIP-I responsible for the interaction with huntingtin, the 1.2 kb HIPJ cDNA fragment was restricted into two halves and the resulting fragments were cloned in the correct orientation into pGAD 10, creating pGAD-HIPNT and pGAD-HIPCT (Fig. 2C) . pGAD-HIPl, pGAD-HIPNT, pGAD-HIPCT and the control plasmid pGAD425 (20) were transformed into L40C harbouring pBTM-HD 1.7, and Trp + Leu + yeast transformants were selected. The transformants were then tested for selective growth on SD-leu-trp-his plates and for (J-galactosidase activity as described above. Only yeast cells harbouring pGAD-HIPl or pG AD-HIPNT showed growth on selective plates lacking histidine (data not shown) and turned intensively blue after incubation for 1 h at 30°C in X-Gal solution (Fig. 2C ). This indicates that the protein domain responsible for the interaction with huntingtin is located in the N-terminal half of the protein, whereas the C-terminus of HIP-I, which contains a putative leucine zipper (see below), is not essential for the interaction in vivo.
Sequence analysis
The deduced amino acid sequence encoded by the 1.2 kb HIPJ cDNA is shown in Figure 3A . The principal open reading frame encodes a protein of 400 amino acids with a calculated molecular mass of 45 900 Da. The reading frame was confirmed by expressing the HIP I cDNA in E.coli (Fig. 5A ). Since the cDNA sequence does not contain a potential translation initiation codon (26) or a stop codon, it was concluded that the fragment does not contain the entire coding region. Database searches performed at the NCBI with the BLASTX program (27) showed no perfect matches to previously reported sequence data, indicating that HIP-I represents a novel protein.
The highest score (61 % similarity) was found between a 67 amino acid stretch close to the N-terminal end (positions 9-75) of HIP-I and a C.elegans hypothetical protein annotated ZK370 (Fig. 3B ) (28) . The most similar sequence to this nematode ZK370 hypothetical protein is yeast Sla2p. Holtzman et at. (29) have shown that Sla2p is homologous to ZK370 and mouse talin (30) , a protein that is believed to mediate cytoskeleton-membrane interactions. In comparison, Sla2p was shown to be essential for the assembly and function of the membrane cytoskeleton in S.cerevisiae. Additional database searches identified a periodic repetition of four leucine residues starting at position 291 using the ScanProsite tool searching for Prosite pattern entries. This pattern matches a leucine zipper with the consensus
However, the functional relevance of this motif in HIP-I has to be determined by further biochemical studies.
Expression of HIP-I in different tissues
To determine the size of the full length HIP I cDNA, a Northern blot analysis of RNA from different brain tissues was performed (Fig. 4A) . Using the 1.2 kb HIP 1 cDNA fragment as a probe, a single transcript with a size of -8 kb was detected. HIPJ mRNA was present in all brain tissues examined, with the highest level found in the corpus callosum, hippocampus and substantia nigra. As the HIP 1-probed blot in Figure 4A was exposed for 10 times longer than the (J-actin-probed blot, HIPJ mRNA levels must be far lower than (3-actin mRNA in all tissues examined.
To detect the full length HIP-I protein in cell extracts of human tissues, an antibody was raised in rabbits against purified s.
• recombinant HIP-I protein (Fig. 5A ). An immunoblot of cell homogenates probed with the affinity-purified anti-HIP-I serum and with an affintiy-purified anti-GAPDH serum is shown in Figure 4B . With all human tissues analyzed the anti-HIP-I antibodies yielded a prominent band migrating in a 10% SDS gel at -116 kDa, whereas the anti-GAPDH antibody detected a 37 kDa protein, as expected. As the HIP I mRNA has a size of 8 kb and could potentially code for a much larger protein, the same cell extracts were also separated on a 6% SDS-gel, blotted onto membranes and probed with the affinity-purified anti-HIP-I serum. No immunoreactive bands were detected in the 200-400 kDa region of the gel (data not shown). In relation to the constitutively expressed GAPDH protein, the amount of HIP-I in brain extracts was about twice as high as in extracts prepared from liver, kidney or heart, indicating that HIP-I is enriched in brain tissues. A protein band migrating at 116 kDa was also conserved in mouse. Preincubation of the anti-HIP-I serum with the recombinant HIP-I protein from E.coli completely eliminated the 116 kDa band, whereas preincubation with recombinant GAPDH protein had no effect. Although the anti-HIP-I antibody was raised against a 6xHis-tagged protein (Fig. 5A ), GAPDH-His, which contains the same 6xHis-tag, was not detected by this antibody on Western blots, indicating that it is specific for HIP-I and not for the 6xHis-tag (data not shown).
HIP-I interacts with huntingtin in vitro
To further investigate the interaction between HIP-I and huntingtin, recombinant 6xHis-tagged HIP-I (HIP-His), glutathione S-transferase (GST) and GST-tagged N-terminal huntingtin (HD-GST) were produced in E.coli and purified to near homogeneity using affinity chromatography (32, 33) . Figure 5A shows purified HIP-His, GST and HD-GST migrating on SDS-PAGE with apparent molecular masses of 55, 27 and 100 kDa, respectively. This is in good agreement with the predicted molecular masses based on the amino acid sequence. For the in vitro binding reaction, recombinant HIP-His isolated from E.coli was incubated with immobilized HD-GST or immobilized GST and, following thorough washing, remaining bound proteins were separated by SDS-PAGE and immunoblotted with anti-HIP-I antibodies. Figure 5B shows that the purified HIP-His protein was efficiently retained by the HD-GST protein linked to glutathione agarose beads, but a significant sticking of HIP-His was also detected with immobilized GST. A similar background level of bound HIP-His (20% of that seen with HD-GST) was also found with glutathione agarose beads without any immobilized protein (data not shown), and may represent some insoluble aggregates present in the HIP-His preparation. In a separate experiment recombinant HIP-His protein produced with the Baculovirus system was used for the in vitro binding reaction. Cleared lysates of Sf9 insect cells containing HIP-His were incubated either with immobilized HD-GST or immobilized GST. Figure 5C shows that HIP-His was enriched from the protein extract by the E.coli HD-GST protein linked to glutathione agarose beads but not by the immobilized control protein GST. Taken together, these results indicate that recombinant HIP-I and huntingtin also bind to each other in vitro.
Subcellular localization of HIP-I and huntingtin
To determine whether HIP-I and huntingtin are localized in the same cellular compartments, subcellular fractions of human cortex were prepared by differential centrifugation (34) . As shown in Figure 6 , HIP-I and huntingtin immunoreactivities were detected in both medium-speed (P2) and high-speed (P3) pellets, whereas the medium and high-speed supernatants (S2 and S3) exhibited little or no immunoreactivities. This result is in good agreement with those of DiFiglia et al. who demonstrated that huntingtin is enriched in compartments containing vesicleassociated proteins such as SV2, synaptophysin and the transferrin receptor (13) . HIP-I and huntingtin behaved identically during subcellular fractionation, except for the crude nuclear fraction (PI). In this fraction, huntingtin was present at a low level, whereas HIP-I was present at a significantly higher level. These data suggest that huntingtin and HIP-I are associated with the vesicle compartment and, thus, have the possibility to come in physical contact with each other in the cell.
DISCUSSION
Using the two-hybrid system and an N-terminal huntingtin fragment as a 'bait', we were able to isolate a potential huntingtin interacting protein (HIP-I). To examine the specificity of the observed in vivo interaction, the isolated library plasmid pGAP-HIPl was retransformed into various yeast strains expressing different 'bait' proteins ( Fig. 2A) . We found that for a strong interaction to occur, HIP-I requires an N-terminal huntingtin segment of 588 amino acids. With a shorter N-terminal huntingtin protein (residues 1-171), which included the polyglutamine stretch, only a very weak interaction was detected, indicating that the region downstream of the polyglutamine sequence containing the HEAT repeat (21) is important for the interaction. HEAT repeats were found in different regulatory cytoplasmic proteins involved in cellular transport processes and they consist of two hydrophobic a-helices. Andrade and Bork (21) have proposed that HEAT repeats could be generally important for protein-protein interactions; however, whether the intact HEAT repeat in the huntingtin protein used to isolate HIP-I is essential for the interaction remains to be determined. The C-terminal half of HIP-I contains a leucine zipper motif which could potentially mediate the interaction with huntingtin. However, our results with the two-hybrid system clearly show that the N-terminal half of HIP-I is sufficient for the interaction (Fig. 2C) , because deletion of the C-terminal domain, including the leucine zipper (Fig. 3A) , had no discernible effect on transcription activation. As there is no corresponding motif present in the N-terminal huntingtin protein used as a bait, the possibility that the HTP-I-huntingtin interaction occurs via a leucine zipper can be ruled out.
The possibility that an elongated polyglutamine sequence could influence the interaction between HIP-I and huntingtin was not addressed in this study. However, it is possible that such a sequence, which ultimately leads to the disease, could alter neighbouring domains in the native protein and, thereby, influence potential protein-protein interactions. Binding experiments with recombinant huntingtin proteins containing repeats of various lengths are currently in progress to test this hypothesis.
The in vivo results obtained with the two-hybrid system were confirmed with in vitro binding experiments. Figure 5B and C show that recombinant HIP-His protein from both E.coli and Sf9 insect cells was selectively retained by HD-GST linked to glutathione agarose. However, additional experiments have to be performed to determine whether full length HIP-I and huntingtin are also associated in a native environment. Experiments to test whether HIP-I and huntingtin can be co-immunoprecipitated from brain extracts with a specific anti-HIP-I antibody and/or a specific anti-HD antibody are in progress.
A comparison of the HIP-I amino acid sequence encoded by the 1.2 kb cDNA with amino acid sequences in the NCBI databases using the BLASTX program revealed that HIP-I is related to the hypothetical 103.9 kDa ZK370 protein from C.elegans (28) . The closest database hit to ZK370 was found to be yeast Sla2p, a cytoskeletal protein with a predicted size of 109 kDa. Holtzman et al. showed that especially the last 190 amino acids of Sla2p are highly homologous both to the C-terminus of ZK370 and the membrane associated mammalian protein talin (29, 30) . Thus, assuming that HIP-I is related to ZK370 or Sla2p, it will be interesting to see whether a talin-related region is also present at the C-terminus of full length HIP-I protein. Figure 4 shows that the HIP1 gene, similar to IT-J5, is widely expressed in brain and peripheral tissues at a low level. Using the 1.2 kb HI PI cDNA as a probe, a single mRNA species of ~8 kb was detected in all tissues examined. However, using an affinity-purified anti-HIP-I antibody, a single protein band migrating at -116 kDa in SDS gels was identified in all cell extracts analysed (Fig. 4B) . This indicates that the HIP I mRNA is much larger than the putative coding region for a 116 kDa protein. One explanation for the oversize of the HIP1 transcript is that it might contain a large 3' or 5' untranslated region (UTR). Unusually large 3'-UTRs were found in mRNAs for the synthesis of cytoskeleton proteins and it was proposed that these regions are important for targeting the mRNAs to particular regions in the cell (35) . Whether this is also true for the HIP I mRNA remains to be determined.
Our results demonstrate that HIP-I and huntingtin behave almost identically during subcellular fractionation and are enriched in the membrane containing fractions (Fig. 6) . However, in the nuclear fraction there was a significantly higher level of HIP-I compared to huntingtin, indicating that huntingtin is selectively excluded from the nucleus. The finding that huntingtin is essentially absent from the nuclear fraction is in agreement with previous results obtained by cell fractionation experiments (12, 13) . However, this has to be investigated further, because preliminary experiments in our laboratory indicate that the absence of a signal in the nuclear fraction on Western blots could be due to aggregates of high molecular weight substances, which are mainly present in the nuclear fraction and which overlay the signal.
In general the results of the cell fractionation are in good agreement with previous biochemical and immunohistochemical evidence that huntingtin may contribute to protein trafficking or membrane cycling. Our data also support the hypothesis that huntingtin and HIP-I could be involved in the assembly and/or regulation of the cortical actin cytoskeleton underlying the plasma membrane, which is responsible for cell mobility, adhesion, membrane ruffling and transduction of extracellular signals to the interior of the cell (36) . Although additional experiments are clearly necessary to test these hypotheses, we expect that a thorough analysis of the biological function of HIP-I will bring us a step further in understanding the normal function of huntingtin and also the pathogenesis of HD.
MATERIALS AND METHODS
Strains and plasmids
Saccharomyces cerevisiae strain L40C is isogenic with strain L40 (37) except for the presence of the canl mutation. This mutation was selected by plating L40 cells on synthetic media without arginine and with canavanine (60 |J.g/ml). The LexA DNA binding domain vector pBTM117c was generated from pBTM117 (20) by inserting an -3.5 kb fragment of the CAN1 gene into the unique PvuU restriction site. The control plasmid pBTM-SIMl (24) was a kind gift from M.R.Probst (UCLA, Los Angeles, CA). pBTM-HDXho, pBTM-HD 1.7 and pBTM-HD3.6 were generated by ligating, respectively, 0.5 kb (nt 316-828), 1.7 kb (nt 316-2079) and 3.6 kb (nt 316-3954) IT-15 cDNAs (2) (as Sall-Notl fragments) into pBTMl 17c. For the construction of pBTM-MJD, a 0.6 kb MJD1 cDNA fragment (nt 496-1118) was obtained by PCR using plasmid HMJDla (a generous gift from O. Riess, Ruhr-University, Bochum, Germany) and primers which contained either Sail or Noil sites at their 5'-ends. The amplified products were then digested with Sail and Noil and subcloned into pBTM117c. pGAD-HIPNT and pGAD-HIPCT were generated by ligating a 0.55 kb (nt 1-558) and a 0.65 kb (nt 559-1196) EcoRl HI PI fragment, respectively, into pGADIO (Clontech). The orientation of the inserts was determined by restriction analysis. All constructs were transformed into yeast L40C by the lithium acetate method (38) and the resulting transformants were tested for autoactivation of the lacZ and HIS3 marker genes. The open reading frames were verified by ABI dye terminator sequencing. For the construction of pAcHLT-HIPl, a 1.2 kb EcoKl HIP I fragment was cloned into pAcHLT-A (PharMingen) and the orientation of the insert was determined by restriction analysis. Sf9 cells were co-transfected with pAcHLT-HIPl and BaculoGold™ DNA and recombinant viruses expressing the HIP] gene were selected according to the manufacturer's recommendations (PharMingen).
Library selection
A general description of the two-hybrid system has been detailed elsewhere (18) . For our selection, a single colony of L40C cells, transformed with pBTM-HDl .7, was grown overnight in SD-trp medium (39) and transformed with a human adult brain cDNA library (MATCHMAKER, Clontech) constructed into plasmid pGADIO. A total of 8 x 10 6 independent transformants were plated on minimal medium lacking tryptophan, leucine and histidine. After incubation at 30°C for 5 days, colonies were picked, transferred into liquid SD-leu-trp-his medium and grown overnight to an ODgoo of 1-2. Cells were then transferred into microtiter plates and spotted, in parallel, onto SD-leu-trp-his and SD-leu+CAN selective plates using a stamp. The plates were incubated at 30°C for 3 and 5 days, respectively. From both plates, replica filters were made and cells were permeabilized by freezing in liquid nitrogen (30 s) and thawing at room temperature. Filters were transferred onto Whatmann 3MM paper saturated with X-Gal solution (25) and incubated at 30°C. fi-Galactosidase positive clones on the filter from the SD-leu-trp-his plate, which were negative on the corresponding filter from the SD-leu+CAN plate, were used for further analysis. Single colonies from the SD-leu+CAN plates were grown overnight in liquid SD-leu medium. Total DNA was prepared from these cells and transformed into E.coli DH10B (BRL) by electroporation. Transformants were selected on LB plates containing ampicillin. To check for true positives, isolated plasmids were transformed into L40C harbouring pBTM 117c, pBTM-HDXho, pBTM-HD1.7, pBTM-HD3.6, pBTM-MJD or pBTM-SIMl and tested for selective growth on SD-leu-trp-his plates and p-galactosidase activity as before. The inserts of the library plasmids of positive clones were then sequenced.
Expression of fusion proteins
In order to generate 6xHis-tagged HIP-I fusion protein (HIP-His), the HI PI 1.2 kb cDNA was released from pG AD 10 by digestion with BamHl and £coRI and subcloned into pBluescript II KS (Stratagene). From the resulting plasmid, pBKS-HIPl, a 1.2 kb BamHI-Hindlll HIP! fragment was isolated and ligated into the Bamm and Hindlll site of pQE32N (Qiagen) creating pQE-HIPl. For the production of recombinant GAPDH-His protein, a 1.3 kb Sall-Notl GAPDH cDNA fragment (a gift from S.Meier-Ewert) was cloned in-frame into pQE30N (Qiagen) to generate pQE-GAPDH. pQE-HIPl and pQE-GAPDH were transformed into E.coli SCSI (Stratagene) carrying the laclQ plasmid pREP4 (Qiagen) and protein expression was induced for 4 h with 1 mM IPTG. For the production of antibodies HIP-His and GAPDH-His were purified under denaturating conditions on a Ni-NTA affinity column according to the manufacturer's recommendations (Qiagen). For the purification of native HIP-His protein, induced cells were incubated in a buffer containing 40 mM Tris-HCl (pH 8), 0.1 M NaCl, 0.1 mM EDTA and 0.3 mg/ml lysozyme. After incubation for 45 min at 0°C, an equal volume of 20 mM Tris-HCl (pH 8), 0.3 M NaCl, 0.5% Brij58 was added, and the cell suspension was then gently stirred in a 37°C water bath until the temperature reached 20°C. The resulting lysate was centrifuged at 30 000 r.p.m. for 90 min in a Beckman 50Ti rotor and the supernatant was used for purification of HIP-His under native conditions according to the protocols of Qiagen. To produce GST-tagged N-terminal huntingtin (HD-GST), a 1.6 kb BamHl-Notl IT-15 cDNA fragment, was released from pSP-HD1.6A (E.E.Wanker and E.Scherzinger, in preparation) and subcloned into pGEX-5x-l (Pharmacia). The resulting plasmid, pGEX-HD 1.6A, was transformed into E.coli DH10B (BRL) and protein expression was induced for 4 h with 1 mM IPTG. HD-GST protein was then affinity-purified using glutathione agarose beads (Sigma) and eluted with reduced glutathione as described (32) .
In vitro binding experiments
Approximately 2.5 fig of native HIP-His was incubated with 5 (a.g GST or 3.7 (ig HD-GST immobilized on glutathione agarose beads in 0.2 ml HNTG buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 0.1% Triton X-100, 10% glycerol) for 12 h at 4° C. Beads were washed three times with high salt buffer (300 mM NaCl) to remove unbound HIP-His protein. Bound HIP-His was eluted from the beads with SDS sample buffer, separated by 10% SDS-PAGE and transferred onto nitrocellulose membrane. Filters were incubated with affinity purified anti-HIP-I serum (1:100) followed by an anti-rabbit, secondary antibody conjugated to alkaline phosphatase.
For the in vitro binding experiments with the HIP-His protein produced in Sf9 cells, 50 (il cleared lysate was added to 150 p.1 HNTG buffer containing the affinity matrices described above. The mixture was rotated for 4 h at 4°C and after extensive washing of the beads with high salt buffer bound proteins were determined by Western blot analysis as described.
Northern blot analysis
A commercially prepared blot loaded with mRNA from various human brain tissues (Clontech) was hybridized overnight with a randomly 32 P-labeled 1.2 kb HIP I fragment and a 2 kb (3-actin fragment, respectively. After washing of the blot according to the manufacturer's guidelines, the filter was exposed to X-ray film for 120 h for HIP1 and 12 h for (3-actin at -80°C.
Preparation of antibodies
To generate polyclonal antibodies against HIP-His and GAPDH-His the proteins, affinity-purified as described above, were injected into rabbits using standard immunisation procedures (40) . The resulting immune sera were affinity-purified against the antigen immobilized on a Ni-NTA column as described (41) .
Cell fractionation
For the identification of HIP-I in various tissues, whole cell extracts were prepared by homogenizing tissue samples (1 g) in 5 ml lysis buffer with protease inhibitors (10 mM Tris HC1 pH 8, 2% Triton X-100,1%SDS, lOOmMNaCl, 1 mMEDTA, lOmM (3-mercaptoethanol, 2 mM PMSF, 10 H-g/ml leupeptin, 10 ng/ml pepstatin, 1 |J.g/ml aprotinin, 50 (ig/ml antipain) using 20 strokes of a glass homogenizer.
Subcellular fractions of human cortex were prepared essentially as described (34) . Cortex was homogenized in 10 ml per gram wet weight of ice-cold 0.32 M sucrose in 4 mM HEPES (pH 7.4) containing 2 mM PMSF, 10 u.g/ml leupeptin, 10 (ig/ml pepstatin, 1 |Xg/ml aprotinin, 50 |ig/ml antipain, using nine strokes of a glass homogenizer. The homogenate was centrifuged for 10 min at 1000 g to produce a pellet (PI), which was washed by resuspension in an equal volume of homogenization buffer and recentrifuged for 10 min at 1000 g. The original supernatant and wash were combined (SI) and then centrifuged at 17 500 g for 20 min yielding pellet (P2) and a supernatant (S2). The S2 fraction was centrifuged at 100 000 g for 60 min to give a high speed pellet (P3) and a high speed supernatant (S3). All steps were performed on ice. The protein fractions obtained by this method were separated on 6% SDS-gels and transferred to nitrocellulose membranes (42) . Filters were incubated with antisera against HTP-I and huntingtin at dilutions of 1:100 and 1:500, respectively, followed by incubation with appropriate alkaline phosphatase conjugated secondary antibodies. For detection of huntingtin, the commercial monoclonal antibody 1HU-4C8 (Euromedex) was used.
For the preparation of insect cell lysates, Sf9 cells infected with viruses expressing HIP-His were lysed in 200 (il of 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100,5 mM NaF, 5 mM NaPi, 5 mM NaPPi, 1 mM PMSF, 16 ^g/ml benzamidine, 10 (ig/ml phenanthroline, 10 |J.g/ml aprotinin, 10 |J.g/ml leupeptine and 10 \ig/ ml pepstatin A. After centrifugation at 14 000 g for 30 min cleared lysates were directly used for the in vitro binding experiments.
